Background-The recent development of a large panel of genome-wide single nucleotide polymorphisms (SNPs) provides the opportunity to examine genetic relationships between distinct SHR lines that share hypertension but differ in their susceptibility to hypertensive end-organ disease. Methods and Results-We compared genotypes at nearly 10 000 SNPs obtained for the hypertension end-organ injury-susceptible spontaneously hypertensive rat (SHR)-A3 (SHRSP, SHR-stroke prone) line and the injury-resistant SHR-B2 line. This revealed that that the 2 lines were genetically identical by descent (IBD) across 86.6% of the genome. Areas of the genome that were not IBD were distributed across 19 of the 20 autosomes and the X chromosome. A block structure of non-IBD comprising a total of 121 haplotype blocks was formed by clustering of SNPs inherited from different ancestors. To test the null hypothesis that distinct SHR lines share a common set of hypertension susceptibility alleles, we compared blood pressure in adult SHR animals from both lines and their F1 and F2 progeny using telemetry.
T he spontaneously hypertensive rat (SHR) strain was produced during the 1960s in Japan by inbreeding of Wistar rats with selection on the trait of elevated blood pressure. 1, 2 All SHR animals are descended from 2 founder animals with no external additions to the gene pool. Brothersister mating of SHR progenitors was continued for 8 generations to fix the trait of hypertension, whereupon several parallel lines of SHR were generated, presumably to accommodate risk of reproductive depression as further inbreeding was performed. Three major SHR clades resulted: SHR-A, -B, and -C. In addition, at about the F13 generation, incompletely inbred animals that appear to have been contributed from progenitors of both the B and C clades were transferred to the National Institutes of Health, where subsequent further inbreeding led to the widely used SHR/N line. Although all SHR lines have been reported to demonstrate robust hyper-tension and a similar ontogeny of blood pressure during development, it is unclear to what extent the genetic basis of hypertension overlaps across SHR lines. The objectives of our study were to compare the genome-wide extent and distribution of identity by descent (IBD) across SHR lines, to determine whether hypertension arises from within regions of IBD, and to identify any genomic regions contributing to hypertension susceptibility that are not shared by both lines.
Clinical Perspective on p 231
The issue of the genetic architecture of hypertension in SHR is important because the widely used SHR-A3 line differs from lines derived from SHR-B, SHR-C, and the SHR/N line by being susceptible to hypertensive end-organ injury. 2, 3 An important objective is to know whether SHR-A3 acquires end-organ injury susceptibility because of unique elements of the pathogenesis of hypertension in this line or whether injury susceptibility arises independently of blood pressure. 3, 4 If SHR lines differ in the genetic basis of elevated blood pressure, a further opportunity is provided. This is the opportunity to map blood pressure loci across SHR lines. Whereas the contrast in parental blood pressure phenotype would be less than in contrasts between SHR and normotensive strains, [5] [6] [7] genetic background effects may be much smaller 8 and the shared IBD would reduce the total region of the genome in which differences in blood pressure could arise. The same approach has recently been used in closely related mouse lines to yield high resolution mapping of trait genes. 9
Methods Animals
Studies were performed on male rats of the injury-prone spontaneously hypertensive-A3 (SHR-A3, SHRSP/Bbb) line that have been maintained in our facility for 15 years. We also used male animals from the SHR-B2 line that were bred in our facility from stocks originating from colonies held at Kinki University School of Medicine, Japan. Animals were housed under controlled conditions in an AAALAC-approved (Association for Assessment and Accreditation of Laboratory Animal Care) animal facility and provided a standard rodent chow diet and drinking water ad libitum. No dietary sodium loading was used. SHR-A3 (male) and SHR-B2 (female) parental lines were crossed to generate the F1 progeny. This progeny was further crossed to generate a freely segregating F2 progeny. Only male parental, F1 and F2 animals were used in the studies performed. All animal use was prospectively reviewed and approved by the University's Animal Welfare Committee.
Blood Pressure
Blood pressure was measured by radiotelemetry (Data Sciences, St Paul, MN) in adult animals 16 to 18 weeks of age in SHR-A3 and SHR-B2 as well as the F1 and F2 progeny of the intercross. Catheters were implanted into the abdominal aorta above the bifurcation and below the renal arteries. Animals were allowed to recover from implantation for at least 7 days before measurement began. Implants were calibrated under pressure (120, 160, and 200 mm Hg) at 37°C before implantation and again after removal, and observed blood pressures were adjusted to compensate for calibration drift.
Parental-Line Single Nucleotide Polymorphism Analysis
We submitted genomic DNA to the STAR Consortium for inclusion in the rat single nucleotide polymorphisms (SNP) genotype discovery program performed by that consortium. 10 This program also genotyped DNA from numerous closely related SHR lines.
Genotyping
SNP genotyping was performed in multiplex reactions using the Sequenom MassARRAY system. 11 Polymerase chain reaction (PCR) product was amplified using 0.10 mol/L each of forward and reverse primers selected for each SNP locus, 10.0 ng DNA, 3.5 mmol/L MgCl 2, 1.0 U of Qiagen HotStart DNA Taq Polymerase, 1.25X buffer, and 0.5 mmol/L of each dNTP in a 5.0-L reaction volume. The thermal cycle protocol was: 94°C for 15 minutes; 94°C at 20 seconds, 56°C for 30 seconds, and 72°C for 1 minute for 45 cycles; followed by 72°C for 3 minutes. PCR amplification was followed by the addition of a 2.0 L shrimp alkaline phosphatase enzyme reaction mix that dephosphorylates residual dNTPs and degrades residual PCR primers. After the heat-labile shrimp alkaline phosphatase was inactivated, an extension reaction extended a genotyping oligo-annealed to the PCR product across the SNP nucleotide. The extension reaction contains approximately 10.0 mol/L of the SNP specific extension primer, which anneals upstream of the dimorphic SNP site, buffer, ddNTPs, and a proprietary thermostable DNA polymerase (Sequenom, Inc, San Diego, CA). The extension products were then desalted with Spectro-CLEAN resin and Ϸ20 nanoliters of the analyte was transferred onto a 384-well SpectroCHIP using the Samsung nanodispenser (Sequenom, Inc). Each site on the chip was preloaded with a formulated 3-hydroxypicolinic acid matrix that has been optimized for use with the MassARRAY system. Mass spectrometry analysis of the extension reactions was performed using a Bruker Compact MALDI-time of flight mass spectrometer. The mass spectra were collected, and SpectroCALLER software (Sequenom, Inc) was used to automatically assign the genotype calls. We genotyped DNA from parental lines and 211 F2 animals in which blood pressure was also measured. We designed PCR and oligo-extension systems targeting a total of 234 SNPs on the 121 non-IBD blocks that were combined into 7 high-level multiplex reactions. These genotyping reactions yielded high-quality genotype data for 203 of the 234 SNPs.
Genetic Mapping
Mapping of blood pressure was performed using R/qtl with Haley Knott regression. 12, 13 Physical map positions of the SNP markers were adjusted to approximate cM positions by dividing the physical position (in Mbp) by 2. 14 Genome-wide significance was determined in R/qtl by permutation (nϭ1000) of the phenotypes with respect to the genotypes. 15 
Results
The expected close genetic relationship between the parental SHR lines requires a marker set of high resolution to localize regions of the genome that were inherited from different ancestors. We obtained SNP genotypes generated using Affymetrix genotyping array methodology from the STAR Consortium for Ϸ10 K SNPs for the parental SHR lines in our study (http://www.snp-star.de). Table 1 indicates the main results of this genotyping effort. Overall accuracy of genotyping is reflected in a 0.27% heterozygosity rate. Because both lines are inbred over Ͼ100 generations, actual heterozygosity rate should be Ͻ0.0001%. The small deviation from this level may reflect either very limited genetic contamination, or perhaps more likely, genotyping errors. We examined the distribution of SNPs that are not IBD across the genome to determine whether non-IBD SNPs are randomly distributed through the genome or whether a haplotype block structure of clustered non-IBD SNPs can be identified. We first computed the physical distance at which there was a 5% chance of the random occurrence of 2 SNPs using a nominal physical size of the rat genome of 3Gb and this threshold was calculated at Ϸ2 Mb. To assign a block, we considered that a new haplotype block would be created every time a non-IBD Based on this dense marker panel, the 2 lines were found to be IBD at nearly 87% of the genome.
SNP occurred Ͼ2 Mb from the nearest non-IBD SNP. Applying this parameter across the genome, we uncovered a block pattern of non-IBD demarcated by 1264 non-IBD SNPs by which the 2 lines were shown to differ. This clear clustering of SNPs within blocks reduces the complexity of the genome and allows the delineation of regions of the genome by which the 2 lines have arisen from distinct ancestors into a compact distribution comprising 121 blocks (illustrated in Figure 1 ). The overall 86.6% of the genome that is IBD is distributed across chromosomes that range from 69% IBD (chr 18) to 100% IBD (chr 20). Systolic, mean, and diastolic blood pressures from 16-to 18-week-old parental strains, the F1 progeny of crosses between SHR-A3 males and SHR-B2 females, and the F2 progeny of an F1 A3ϫB2 intercross are shown in Table 2 . Distribution of systolic blood pressure across the lines and crosses is shown in Figure 2 . If SHR-A3 and SHR-B2 raised under identical conditions acquire the shared trait of hypertension through alleles at which they are IBD, then it would be expected that there is no statistically significant difference in blood pressure between them. We tested this hypothesis by 1-way ANOVA to determine whether there were significant Figure 1. Using genotypes obtained from DNA provided to the STAR Consortium, we constructed a 10 K SNP map to identify genomic regions in which SHR-A3 and SHR-B2 were identical by descent (IBD, solid black line) or from which the inbred lines were descended from different ancestors (open box). SNPs marking these blocks were subsequently genotyped by mass spectrometry in the 2 parental lines and in 211 F2 progeny of a cross between SHR-A3 and SHR-B2. We successfully genotyped SNPs, tagging all non-IBD blocks except those blocks indicated with an asterisk above the block. 
Table 2. Blood Pressures (mm Hg) Measured by Radiotelemetry in SHR Rat Lines and Crosses and ANOVA
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differences in blood pressure between individual groups. The ANOVA produced a highly significant probability value (PϽ10 Ϫ6 ), indicating that differences in blood pressure existed between the groups. Post hoc tests indicated that significant differences existed between SHR-A3 and SHR-B2, SHR-A3 and F1, and SHR-A3 and F2 animals.
To localize genomic regions containing alleles that differentially influence blood pressure in SHR-A3 and SHR-B2, we performed an F2 intercross mapping study. We designed a genotyping approach to capture SNP markers distributed across the 121 non-IBD haplotype blocks. We used R/qtl to perform mapping of systolic, mean, and diastolic blood pressure. Physical positions were obtained from the December 2004, Baylor 3.4/rn4 genome sequence assembly (http:// genome.ucsc.edu) and were divided by 2 to provide estimated genetic positions of the markers and the genetic map was calculated with this information. 14 Figure 3 provides the logarithm of odds (LOD) plots for each blood pressure phenotype. A single significant blood pressure QTL was mapped in the genome. It was located on chromosome 17, where SHR-A3 alleles are associated with increased blood pressure ( Table 3 and Table 4 ). The LOD score for this QTL for systolic blood pressure was significantly greater than the genome-wide LOD score expected if no QTL was present (PϽ0.002). Mean blood pressure was also significantly associated with sequence variation in this region.
The peak chromosome 17 LOD score for systolic blood pressure corresponds with a haplotype block that extends from SNPs located at 10.4 Mb to 19.6 Mb. The nearest region of nonidentity between SHR-A3 and -B2 on this chromosome is at 81 Mb. Thus, the block at 10.4 to 19.6 Mb is highly resolved in an extensive region of sequence identity between SHR-A3 and -B2 lines. We compared systolic blood pressure effects in F2 animals associated with inheritance of SHR-A3 or -B2 alleles at the 2 SNP markers typed in the block spanning 10.4 Mb to 19.6 Mb ( Table 5 ). The results indicated that A3 alleles are associated with increased blood pressure at this locus and that the magnitude of the effect (Ϸ14 mm Hg) contributes substantially to the overall difference in blood pressure observed across these parental lines.
To determine whether the blood pressure locus that we identified is exclusive to the SHR-A3ϫSHR-B2 contrast that we made, we compared SNP genotypes in the SHR lines for which high-density SNP genotype information is available from the SNP-STAR consortium (http://www.snp-star.eu/ pages/data.htm). All injury-prone SHR-A3 lines (5 geographically distinct lines) share the same genotypes in the chromosome 17 block we have identified. In contrast, all injuryresistant SHR lines (9 distinct lines) are genetically dimorphic with respect to SHR-A3 in this region. Furthermore, the Ϸ62 Mb of IBD lying between the proximal non-IBD block that we associated with blood pressure and the 2 small distal non-IBD blocks on chromosome 17 (Figure 1 ) is also IBD in all 14 SHR lines and is created by 484 contiguous SNPs in which not a single SNP in any SHR line is dimorphic. Knowledge of the identity of the chromosome 17 blood pressure locus will allow it to be evaluated for a contribution to end-organ injury susceptibility in SHR-A3 and thereby clarify whether end-organ injury-susceptibility arises from blood pressure differences between SHR-A3 and injury-resistant SHR lines or from alleles that are not related to blood pressure and that create injury susceptibility by nonpressor mechanisms.
The chromosome 17 block of non-IBD that we mapped contains 78 RefSeq genes (see the online-only Data Supplement). To add further to our identification of candidate genes in this chromosome 17 locus, we examined our previously reported kidney gene expression data using Affymetrix RG-U34A arrays from SHR-A3 and SHR-B2 rats. 16 This array provides gene expression data for 37 genes in this block. Difference in gene expression was observed for several genes in this region ( Table 5 ). Among renal tubular sodium transport Figure 2 . Distribution of systolic blood pressure in SHR-A3, SHR-B2, F1A3B2, and F2A3B2 rats. ANOVA followed by post hoc testing indicated that no differences exist between systolic blood pressure comparing SHR-B2 with F1A3B2, SHR-B2 with F2A3B2, and F1A3B2 with F2A3B2. Highly significant differences in systolic blood pressure were detected between SHR-A3 and SHR-B2, SHR-A3 and F1A3B2, and SHR-A3 and F2A3B2 (all Ͻ0.001, Fisher least significant differences test). See Table 2 for average systolic, mean, and diastolic blood pressure values in these lines and crosses.
proteins, differential expression for SLC34A1, the sodiumdependent, phosphate cotransporter (Npt2), was robustly detected via several independent probe sets reporting expression of this gene. Resequencing of this gene in SHR-A3 and SHR-B2 revealed several sequence variants in the proximal promoter that were associated with changes in predicted transcription factor binding sites. These variants provide a potential mechanism for the differential Slc34A1 gene expression we observed. A single SNP was observed in the coding sequence of Slc34A1 that produced a nonsynonymous change in the COOH-terminal region of the transporter. Other genes in this block are also candidate genes for the observed blood pressure trait. The gene encoding the dopamine 1A receptor has been implicated in blood pressure regulation via control of renal ion transport function. 17, 18 We also examined this gene for sequence variation across our lines but found no sequence differences across the lines. We have also examined the sequence of ATP/GTP binding protein 1 and have observed the presence of a insertion/deletion polymorphism affecting 3 bases that deletes a single amino acid in SHR-B2, whereas SHR-A3 retains the same sequence as the Brown-Norway rat genome sequence. Further studies will be required to investigate the functional significance of the altered gene expression and sequence variation that we observed.
Discussion
Using a recently developed high-density rat SNP panel, we were able to uncover the extent and distribution of IBD across SHR-A3 and SHR-B2 lines. The high level of IBD observed ANOVA followed by post hoc testing indicates that highly significant differences are associated with homozygous inheritance of the A3 allele, whereas no significant difference was observed between the B2 homozygous F2 animals and the heterozygous F2 animals. Marker IDs are from dbSNP. Figure 3 . A, Genome-wide LOD scores for systolic, mean, and diastolic blood pressure measured by telemetry in 211 male F2 progeny of a cross between SHR-A3 and SHR-B2. B, Chromosome 17 interval mapping. The only regions at which SHR-A3 and SHR-B2 are non-IBD on this chromosome are at the proximal and distal ends of the chromosome (indicated by gray bocks above the x-axis). We interpret the peak most likely to be associated with the proximal block from 10.4 to 19.6 Mb because the 2 distal blocks of non-IBD extend over Ͻ3 Mb and contain SNP markers that were both well below the significance threshold. Localization of the LOD peak to 18 cM is inconsistent with the absence of sequence variation across this region and reflects limitations of mapping using maximum likelihood estimation when the majority of the chromosome is IBD. Marker positions are indicated by hatch marks on the x-axis and correspond from left to right to the following SNP IDs from dbSNP or Ensembl, rs63927241, rs8161430, ENSRNOSNP2739739, rs65051030, and rs63777286. BP indicates blood pressure. means that mapping trait loci by crossing these lines involves mapping across a much-reduced genome. Rather than mapping across the whole genome (2.8 Gb), we are effectively only mapping across the 13.4% (0.37 Gb) of the genome that is not identical by descent. Mapping resolution is increased further because the space in which alleles can segregate is organized into discrete blocks that can be both isolated and small. Thus, the approach to mapping used here is a reductionist one. Blood pressure loci common to both SHR lines are removed from mapping in our cross because they are shared due to shared ancestry. A single quantitative trait locus (QTL) is identified in the cross we have constructed and is localized to a narrow, well-isolated haplotype block of non-IBD on chromosome 17 extending across Ϸ10 Mb.
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The present studies indicate that adult SHR-A3 consuming a normal rodent chow diet and in the absence of sodium loading have higher blood pressures than SHR-B2. Because these animals are raised under identical environmental conditions, it is expected that trait differences are likely to be largely genetic. However, the variance of blood pressure in the F1 and F2 progeny provide another indicator of heritability and are very similar (Table 2 ), suggesting limited genetic influence on the blood pressure trait in this cross. Indeed, the heritability of blood pressure in crosses between SHR-A3 and SHR-B2 is expected to be limited because IBD is very high, and the majority of the blood pressure trait can be expected to arise from genetic variation that is common to the two lines. Mapping suggests that the difference in blood pressure between the parental lines arises from just one of the 121 genomic haplotype blocks from which SHR-A3 and SHR-B2 arose from distinct ancestors.
Resolution of the genetic basis of hypertension in the SHR/N line has advanced to the identification of one gene, cd36, which contains variation that contributes to hypertension in this line. 19, 20 This identification was facilitated by the existence of gene expression effects associated with variation in cd36. Our own studies have identified one gene, Slc34A1, which has a robust expression phenotype across our lines. Resequencing reveals that the promoter sequence differs across our lines. We have examined these differences to determine whether they affect any predicted transcription factor binding sites and find that several sites are altered. These variations may underlie the differential gene expression; however, further work will be required to determine whether functional differences in the encoded sodiumdependent, phosphate cotransporter result and whether trait differences can be ascribed to these functional differences. A mouse knock-out for Slc34a1 has been reported. 21, 22 As expected, the major phenotype observed relates to altered urinary phosphate excretion (this being the major proximal transporter of phosphate) and consequent effects on serum phosphate. There do not appear to be any reports assessing blood pressure in these animals. Nonetheless, Slc34A1 plays a clear role in renal adaptations to increased blood pressure, thereby allowing the possibility that altered function of the protein may blunt adaptive responses to elevated blood pressure. 23 In humans, Slc34a1 plays a similar renal role. 24 Genome-wide association studies have implicated intronic sequence variation in this gene in susceptibility to renal injury, though this does not appear to be related to a primary effect of hypertension to induce this injury. 25 One other gene potentially involved in blood pressure regulation was identified in the chromosome 17 mapped interval as the dopamine 1a receptor gene (Drd1a). 26 This gene is involved in regulation of proximal tubule sodium reabsorption. Our gene expression data did not uncover differential expression across the strains, and we did not detect any sequence variation across the coding sequence of this intronless gene.
It is possible that trait differences in blood pressure between SHR-A3 and SHR-B2 could be secondary to alleles that do not directly affect blood pressure but rather contribute to renal injury and thereby produce a secondary effect on blood pressure. However, we have previously reported on the time course of histologically assessed hypertensive renal injury and contrasted its development in SHR-A3 with SHR-B2. 27 We observed that histological renal injury does not emerge until 24 weeks of age in SHR-A3. Thus, it is reasonable to infer that the blood pressure differences measured here in animals 16 to 18 weeks of age are not secondary to renal injury.
The difference in systolic blood pressure between parental lines is 19 mm Hg ( Table 2 ). The maximum difference attributed to alleles at the chromosome 17 locus in the F2 progeny is 14 mm Hg (Figure 4 ). The chromosome 17 locus appears to account for a substantial part of the difference in blood pressure across the parental strains. It may be that there are other loci capable of influencing blood pressure in the SHR-A3ϫSHR-B2 cross. However, even with the use of telemetry measurements and a highly accurate genotyping system, any effects arising in such loci probably are too small to be detected by mapping. Variation in the region that we have identified on chromosome 17 has been previously associated with blood pressure in rats. Mapping an intercross of Brown-Norway and Dahl salt-sensitive rats led to the identification of a blood pressure (blood pressure response to acetylcholine after L-NAME) locus on chromosome 17 with a peak LOD score in the vicinity of the block that we identified. 28 A salt-sensitive blood pressure locus on chromosome 17 was identified in female but not male Sabra rats, and its peak was localized more distally on the chromosome 17 than the locus that we identified. 29 Chromosome 17 also appears to harbor a blood pressure locus in the Lyon hypertensive rat, though again the peak LOD score arises from a more distal region of the chromosome. 30 Two articles report mapping of blood pressure alleles to the syntenous region of rat chromosome 17 in mouse. 31, 32 Our study has several limitations that should be considered. First, although a 10 K SNP density provides a more highly detailed view of sequence variation in the rat genome than has been previously available, there may be blocks of non-IBD that are undiscovered at this resolution that might contribute to trait differences across our lines. Mitigating this limitation is the fact that such blocks are likely to be small, and there is a positive relationship between the size of a block and its likelihood of containing relevant functional variation. Several small genomic blocks marked by only a single SNP could not be targeted by our multiplex genotyping approach. Here again, markers in nearby adjacent blocks mitigated this limitation for all but 2 blocks (chr 8 and chr X, indicated with asterisks in Figure 1 ).
This work is the first to report mapping of blood pressure in the rat using a newly developed high-density panel of single nucleotide polymorphisms. It is also the first report of blood pressure differences across SHR lines using telemetry measurements. These measurements reveal that differences in blood pressure exist between the SHR-A3 and the SHR-B2 lines and arise from a single non-IBD locus on chromosome 17 that extends over approximately 10 Mb. SHR-A3 alleles at this locus increase blood pressure and act recessively. The approach used in these experiments opens 2 important new advances. First, highly resolved mapping can be achieved by mapping closely related SHR lines in which only a small fraction of the genome differs across lines. By combining this mapping with our renal gene expression data from these lines, we can refine the list of candidate genes in this region and identify renally expressed genes that differ in expression. This has led to the identification of the proximal tubular sodium, phosphate cotransporter encoded by Slc34A1 as an important candidate gene in the locus. Second, other SHR blood pressure loci may be identified by mapping crosses using different combinations of SHR lines. Thus, identification of SHR blood pressure genes may be achievable through a reductionist approach that increases the power and resolution of genetic mapping compared with crosses in less closely related strains.
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